Background: The highly pathogenic H5N1 avian influenza emerged in the year 1996 in Asia, and has spread to Europe and Africa recently. At present, effective monitoring and data analysis of H5N1 are not sufficient in Chinese mainland.
Introduction
Influenza A virus contains eight segments of single-strand negative RNA. Segment 4 codes hemagglutinin (HA) gene and segment 6 codes neuraminidase (NA) gene. According to the antigenic characteristics of HA and NA, avian influenza A virus has 16 subtypes HA and nine subtypes NA [1] . Water fowl is regarded as the nature reservoir of Influenza A virus [2] [3] [4] .
Highly pathogenic H5N1 bird flu emerged in the year 1996 in Asia [5] . Large-scale culling on domestic fowl has been carried out in order to avoid the further outbreak of bird flu. It was believed before 1997 that avian influenza virus could not infect humans directly until the genes of avian influenza virus mixed with those of human viruses, which was deduced by swine, the intermediate host [2] . However, the fact that H5N1 bird flu virus was isolated from the sample of patients suffering from flu in the year 1997 changed people's opinion. Furthermore, it is proved that H5N1 bird flu virus can infect the respiratory system of human, which can lead to death by crossing over the boundary of species directly [6] [7] [8] .
From 2003, there have been a series of infections of humans by H5N1 bird flu virus in Asia, and the reports of death have aroused the extensive attention among the general public [9] [10] [11] [12] . Large-scale culling on domestic fowl has been carried out in many countries in order to avoid further outbreak of avian flu. In 2005, a large number of wild birds in Qinghai Lake, China, were infected and killed by highly pathogenic H5N1 virus [13] [14] [15] [16] . It is estimated that the number of bar-headed goose decreased by 5%-10% across the world, resulting from this epizootic disease alone. Apart from the continuous spread in China and other parts of Asia, this kind of virus also appeared in more than 60 countries across Eurasia and Africa [17] [18] [19] [20] . According to the time and location of the outbreak of bird flu and the migration time of migratory birds, it is doubted that the spread of bird flu might be related to the migration of migratory birds across the globe [21] [22] [23] .
China is in a critical position along the migration routes for the migratory birds across Eurasia. At present, effective monitoring and data analysis of H5N1 virus among wild birds are quite insufficient in Chinese mainland. During the period from April, 2004 to August, 2007, we collected the samples from wild birds in 14 provinces in Chinese mainland and monitored H5N1 virus based on reverse transcription-polymerase chain reaction (RT-PCR). We also discuss the prevalence of H5N1 virus in wild birds in Chinese mainland.
Results

Survey on H5N1 virus in wild birds
We launched a sample collection from the wild birds living in the major lakes and wetlands covering 14 provinces of China from 2004 to 2007 (Figure 1 ). The samples were cloacal swab, organ tissues or fresh excrement from the gathering place of a bird flock of a single species. We totally collected 14,472 wild bird samples covering 56 species of 10 orders (Table 1 ). All the samples were immediately put into small tubes containing transferring solution and then stored in liquid nitrogen container within 2 hours. After tested by RT-PCR, 149 samples were confirmed to be positive for H5N1 subtype. By adopting the method based on chick embryo, 17 virus strains have been isolated from positive samples.
149 samples were H5/N1 positive after the test based on RT-PCR ( Table 2 ). The positive samples involved 24 species of six orders (nine species from Anseriformes, one specie from Charadriiformes, one specie from Columbiformes, three species from Lariformes and nine species from Passeriformes, one specie 
Prevalence of H5N1 virus in Anseriformes
The positive samples of Anseriformes were collected from ducks, geese and swans. The prevalence among 9 species of Anseriformes varied from 1.52% to 4.37% and did not show obvious difference. Ruddy Shel Duck (Tadorna ferruginea) had the lowest prevalence (1.52%), while Mallard (Anas platyrhynchos) had the highest prevalence 
Prevalence of H5N1 virus in Lariformes
The positive samples of Lariformes were only collected from gulls. The prevalence of Brown-headed Gull (Larus brunnicephalus) was relatively high (2.39%). Three H5N1 viruses were isolated from Lariformes, which were named as: A/BrownHeadedGull/ Qinghai/3/06 (H5N1), A/SlatyBackedGull/Shandong/59/04 (H5N1) and A/PallasGull/Qinghai/81/07 (H5N1). Among the samples of Anseriformes and Lariformes, five H5N1 viruses were isolated from Qinghai provinces from 2006 to 2007, which suggested that wild birds in Qinghai province might maintain H5N1 virus.
Prevalence of H5N1 virus in Passeriformes
We collected 7,320 samples from the 33 species of Passeriformes ( Table 1 
Prevalence of H5N1 virus in other bird species
Samples of Columbiformes were only collected from Rock Dove (Columba livia). Six samples were H5N1 positive and the prevalence is 1.05%, which is similar to that of Tree Sparrow (Passer montanus). One H5N1 virus was isolated and named as: A/ Pigeon/Zhejiang/17/05(H5N1). The samples of Charadriiformes were only colleted from Eurasian Curlew (Numenius arquata) and the prevalence is 0.40%. One H5N1 virus was isolated (A/Curlew/Shandong/61/04 (H5N1)). The prevalence of Pelecaniformes was 1.73%, but no virus was isolated. It was noted that H5N1 viruses (A/Curlew/Shandong/61/04, A/wDk/ Shanghai/59/04 and A/SlatyBackedGull/Shandong/59/04) were isolated from the samples of migratory bird in Shanghai and Shandong province in the year 2004 and the sites for samples are located in coastal wetlands which belong to the Asia-Australia fly way.
Location of positive samples
A certain difference of prevalence was found among 14 provinces as shown in table 3. Qinghai had a higher prevalence than other 13 provinces combined (3.88% versus 0.43%, Pearson X 2 -test, r,0.001). Qinghai is a crucial intersection in the fly way of migratory birds and a large number of wild birds stay there every year. Most of the samples in Qinghai province were collected from migratory birds, which suggested that the high prevalence might relate to migratory birds. Most of the samples in Henan province were those from Tree Sparrow (Passer montanus). The relative high prevalence in Henan might be related with the high prevalence of Tree Sparrow. As shown in figure 1, most H5N1 positive provinces (Qinghai, Gansu, Shanghai, Zhejiang, Neimenggu, Shandong, Shannxi, Fujian, Hunan) had poultry or human H5N1 cases, which suggested that these cases might be related with wild birds.
Screened results of Qinghai samples
Qinghai province, located on the Qinghai-Tibet plateau of Northwest China, had special environments and various wildlife species. According to pervious study [3] , three mainly international flyways intercross at Qinghai province: the Central Asia flyway, the East Asia-Australia flyway and East Africa-West Asia flyway. In April, 2005, highly pathogenic avian influenza H5N1 virus broke out in wild bird populations in Qinghai Lake [13, 14] , a major breeding site for migratory birds. It was the first report that highly pathogenic avian influenza H5N1 viruses were isolated from the migratory birds. samples were collected from Anseriformes, Lariformes and Pelecaniformes.
As shown in table 4, the prevalence of 11 species of Anseriformes, Lariformes and Pelecaniformes varied from 2.17% to 11.19%. Mallard (Anas platyrhynchos) had the highest prevalence (11.19%) while Ruddy Shelduck (Tadorna ferruginea) had the lowest prevalence (2.17%). The prevalence of three species in Qinghai province (Pintail (Anas acuta), Mallard (Anas platyrhynchos) and Tufted Duck (Aythya fuligula)) were obviously higher than those in other 13 provinces (Pearson x 2 -test, r,0.001). Except Common Teal (Anas crecca) and Red-crested Pochard (Rhodonessa rufina), the prevalence of other six species were relatively higher than those in other 13 provinces.
Sequence analysis of HA genes 17 strains of H5N1 virus were isolated from 149 positive samples covering 24 species. We sequenced the HA genes of these 17 strains. Based on the results of sequence analysis, it was known that all of the HA proteins had a series of basic amino acids at the HA cleavage site (RRRKKR/G), which is a characteristic of (Figure 2 ). All the reference sequences were selected according to the latest denomination method by the World Health Organization [24] . As shown in Figure 2 , the 17 viruses distributed in five clades (2.2, 2.3.1, 2.5, 6 and 7; 17 sequences have all been deposited in GenBank and the accession numbers are AY741213, AY741215, AY741217, AY741219, AY741221, DQ188905-DQ188908, DQ191688-DQ191689, DQ822563-DQ822565, FJ461725-FJ461726, FJ517645). Five virus isolated from Qinghai province were only distributed in the group of 2.2 and had short evolutionary distances with H5N1 viruses isolated in Qinghai in 2005, which suggested the HA genes in Qinghai were conserved.
Discussion
The positive samples involved 24 species of six orders, among which the prevalence of H5N1 virus varied. The samples of Anseriformes had the highest prevalence and those of Passeriformes had the lowest prevalence (2.70% versus 0.36%, Pearson x 2 -test, r,0.001). It was reported that H5N1 viruses were isolated from dead wild birds [13] [14] [15] [16] [17] , which suggested that H5N1 virus could infect wild birds to cause death. Recently, it was also reported that some duck species suffered from severe disease upon experimental infection [25] . During the survey in China from 2004 to 2007, it was found that several species occasionally shown obvious sign of disease or death, from which the samples were H5N1 positive. Theses species included Bar-headed Goose (Anser indicus), Whooper Swan (Cygnus cygnus), Brown-headed Gull (Larus brunnicephalus), Pallas's Gull (Larus ichthyaetus), Tufted Duck (Aythya fuligula), Rock Dove (Columba livia), Tree Sparrow (Passer montanus). However, the number of theses species with signs of disease was very small and the mortality was closed to zero.
Moreover, a certain difference of prevalence was found between 14 provinces as shown in table 3. Qinghai had a higher prevalence than other 13 provinces combined (3.88% versus 0.43%, Pearson x 2 -test, r,0.001) As shown in figure 1 , most H5N1 positive provinces (Qinghai, Gansu, Shanghai, Zhejiang, Neimenggu, Shandong, Shannxi, Fujian, Hunan) had poultry or human H5N1 cases [26, 27] , which suggested that these cases might be related with wild birds. Most of the samples in Qinghai province were collected from migratory birds (Table S1 ), which suggested that the high prevalence of Qinghai (3.88%) might be related to migratory birds. Qinghai province, located on the Qinghai-Tibet plateau of Northwest China, had special environmental ecology and various wildlife species. The reasons for the high prevalence in Qinghai province may be the special environmental ecology and the migratory bird habitat in Northwest China [13] [14] [15] [16] .
In the paper, we found the samples of 24 species were positive for H5N1 virus and the prevalence for Anseriformes was relatively high, which suggested that H5N1 virus might be maintained by wild birds, especially by water fowls. However, it was not excluded that H5N1 viruses were transmitted repeatedly from ongoing outbreaks in poultries to wild birds. In China, water fowl could be closely contact with poultries (duck, goose or quail) in the water environment. Excrements of poultries infected by H5N1 viruses could contaminate the living environment for water fowls. Moreover, the resident birds living around the farms could be infected by poultry H5N1 virus and carry virus from farm to the water environment around water fowls. H5N1 Viruses existed in the environment could infect water fowls, which could transmit H5N1 viruses when they are migrating. For example, Qinghai Lake is a major breeding site for migratory birds and did not have livestock breeding, but the range of migration for migratory birds included Xinjiang, Neimenggu, Gansu, Shannxi, Hunan, Xizang, Yunnan, where many poultry cases were reported from 2004 ( Figure 1) . During migrating process, water birds might be infected by poultries. Most birds had no signs of diseases or death after infected by H5N1 viruses. When wild birds came back Qinghai Lake, the habitat could be contaminated and continuous cross transmission between different species occurred.
Outbreaks of bird flu among migratory birds were reported in Qinghai province in 2005, 2006, 2009 [26] . However, no largescale outbreak of bird flu was found among resident birds. In the paper, tree sparrows (Passer montanus) had a relative high prevalence (1.09%), which is similar to Pigeons (Columba livia; the prevalence is 1.05%). These resident birds often appeared in the cultivation zones of poultries and the habitats of water fowls and could come in contact with infected birds or infected environment. The analyzed results suggested that these resident birds had a high risk of transmitting of bird flu virus between wild birds and poultries [20] . Therefore, the chances of the contact between poultries and resident birds should be reduced as many as possible.
In the paper, the prevalence of H5N1 virus among wild birds in China were relatively higher than those in Europe or Africa [28] . There were three possible reasons for this difference: 1) The scale of livestock breeding for poultry in China is huge. The production organization mode is mainly rural household's scatter breeding, which increased the possibilities of contacts between wild birds and poultries. 2) Outbreaks in poultry were ongoing in China from 2003, which caused the repeated infection among wild birds. 3) Wild birds could carry H5N1 virus and contaminated habitats, which could cause continuous cross transmission between different species. The origin of H5N1 virus in wild birds was complicated and involved many factors (birds' live habit and ecology environment, H5N1 prevalence among poultries, the scale and organization model of livestock breeding, etc.).
As shown from the phylogenetic tree, the 17 strains isolated from wild birds distributed in 5 groups (2.3.1, 2.2, 2.5, 6 and 7), which suggested that genetic diversity existed among H5N1 viruses of wild birds and that the genotypes in wild birds in Chinese mainland was complicated [24, 29] . The five isolates from Qinghai were all within the group of 2.2 and it had a short evolutionary distance with the isolates obtained from Qinghai in the year 2005, which indicated the HA gene from Qinghai stains were conserved [15, 16] . It is reported that H5N1 viruses isolated from wild birds were in the clade 0, 1, 2.2, 2.3.1, 2.3.2, 2.3.4, 2.5, 3, 6, 7, 9 [17, 24] . Although most H5N1 viruses in wild birds could be regarded as occasional infection (single specie, single location, or single isolation time), clade 2.3.2 viruses were isolated from nonpasserine birds in Hong Kong, Japan, and Russia from 2004 to 2008 [17] and clade 2.2 viruses were isolated from wild birds in many countries in Asia, Europe, Africa from 2005 to 2007 [24] , which suggested that H5N1 virus of clade 2.3.2 and clade 2.2 might be maintained by wild birds [17] .
The outbreak of bird flu H5N1 subtype proved that our common knowledge on the flu in wild birds was still insufficient. It is very important to know if H5N1 virus existed in wild birds continuously and continuous monitoring in the field should be carried out.
Materials and Methods
Ethics Statement
All animals were handled in strict accordance with good animal practice as defined by Hubei Animal Welfare Council, China, and all animal work was approved by State Forestry Administration, China.
Sample collection
We launched a sample collection about the wild birds living in the major lakes and wetlands covering 14 provinces in China from 2004 to 2007 (Figure 1) . The samples were collected in five provinces in East China (Anhui, Fujian, Shanghai, Shandong and Zhejiang), three in Central China (Hubei, Hunan and Henan), three in Northwest China (Qinghai, Shaanxi and Gansu), two in Northeast China (Jilin, Heilongjiang), and one in North China (Neimenggu). All the samples were collected during the major migration period, lasting from March to April and from August to September each year.
From 2004 to 2007, we collected 14,472 wild bird samples in total, covering 56 wild bird species of 10 orders ( Table 1 ). All the samples were cloacal swabs, organ tissues or fresh excrements collected from the gathering place of a bird flock of a single species. All the samples were put into small tubes containing transferring solution immediately, and then stored in liquid nitrogen container within 2 hours. The transport medium consisted of Hanks balanced salt solution/glycerol(10%), containing antibiotic (200 U/mL penicillin, 200 mg/mL streptomycin, 100 U/mL polymyxin B sulfate, 250 mg/mL gentamicin, and 50 U/mL nystatin).
RAN extraction and identification of virus subtype
For cloacal swabs, RNA was extracted using QIAamp Viral RNA Mini kit (QIAGEN, Gmbh, Germany) according to the standard protocol. 140 mL transport medium were used to extract RNA, and then RNA was eluted by 50 ul elution buffer. For tissues and droppings, it was homogenized and centrifuged firstly. 140 ul supernatant liquor was used to extract RNA as above. RNA was stored in 280uC. Conventional reverse transcription polymerase chain reaction (RT-PCR) was performed using a onestep RNA PCR kit (Takara Bio, Dalian, China) to identify the subtype according to the standard protocol. The primer for reverse transcription of viral RNA genome was 59-AGCAAAAGCAGG-39. The primers for PCR was designed according to the WHO recommended manual for H5N1 identification based on conventional RT-PCR [30] : 59-GCCATTCCACAACATMCACCC-39 for forward primers 59-CTCCCCTGCTCRTTGCTATG-39 for reverse primers. For each run, the samples were prepared and processed in parallel with negative and positive controls. PCR products were routinely processed with 1% agarose gel electrophoresis. The expected length of the specific amplified fragment was about 0.2 kb.
Isolation of virus
H5N1 positive samples were subsequently processed for virus isolation. Cloacal samples were diluted with phosphate-buffered saline (PBS) and centrifugation. Tissues and droppings were homogenized and centrifuged, and supernatant were collected. All positive samples were mixed with equal volume of PBS containing antibiotics (penicillin G, 40,000 IU/ml; streptomycin sulfate, 8000 IU/ml) overnight at 4uC, and then centrifuged and inoculated into the allantoic cavities of 10-day-old specificpathogen-free embryonated eggs (Merial Ltd. Co.,Beijing, China). After incubation at 37uC for 24 to 72 h, the allantoic fluid of the inoculated eggs was harvested. All the experiments were performed in a Bio-safety level 3 laboratory.
Sequence analysis
According to the PCR protocol described previously [31] , hemagglutinin genes were further sequenced to determine the relationship with other H5N1 strains by using the Amersham ET Dye Terminator kit (Amersham Pharmacia Biotech, Piscataway, NJ) and the ABI PRISM 370 DNA sequencer (PE Applied Biosystems, Foster City, CA). All sequence data was edited by BioEdit 7.0.1 and aligned by Clustal X 1.8. Neighbor-joining trees were generated using MEGA 4.0. All the reference sequences were selected according to the latest denomination method by the World Health Organization [24] .
Statistics
The Pearson x 2 -test were used for analysis of the dataset used in this study. Table S1 Bird species involved in the study. Table S1 includes data on all species in which H5N1 virus was detected by RT-PCR, including geographical sampling location and sample size. Found at: doi:10.1371/journal.pone.0006926.s001 (0.07 MB XLS)
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